A 30 base pair parallel-stranded (ps) duplex ps-Li * L2 composed of two adjoined purine -purine and purine-pyrimidine sequence blocks has been characterized thermodynamically and spectroscopically. The 5"-terminal 15 residues in both strands ('left-half') consisted of the alternating d(GA)7G sequence that forms a ps homoduplex secondary structure stabilized by d(G G) and d(A A) base pairs. The 3'-terminal 15 positions of the sequence ('right-half') were combinations of A and T with complementary reverse Watson -Crick d(A T) base pairing between the two strands. The characteristics of the full length duplex were compared to those of the constituent left and right halves in order to determine the compatibility of the two ps helical forms. The thermal denaturation curves and hyperchromicity profiles of all three duplexes determined by UV absorption spectroscopy were characteristic of ps-DNA, in accordance with previous studies. The thermodynamic properties of the 30 bp duplex corresponded within experimental error to the linear combination of the two 15-mers. Thus, the Tm and AHVH of ps-Li 1 L2 in 10 mM MgCI2, derived from analyses according to a statistical mechanical formulation for the helix -coil transition, were 430C and 569 kJ mol-1, compared to 21°C, 315 kJ mol-1 (ps-F5* F6) and 220C, 236 kJ mol-I (ps-GA15). The UV absorption and CD spectra of ps-Li * L2 and the individual 15-mer ps motifs were also compared quantitatively. The sums of the two constituent native spectra (left + right halves) accurately matched that of the 30 bp duplex, with only small deviations in the 195 -215 nm (CD) and 220 -240 nm (absorption) regions. Based on analysis by native gel electrophoresis, the sequences studied formed duplex structures exclusively; there were no indications of higher order species. Chemical modification with diethyl pyrocarbonate showed no hyperreactivity of the junctional bases, indicating a smooth transition between the two parallel-stranded conformations. We conclude that under given salt conditions, oligonucleotides with normal primary chemical structures can readily form a parallel-stranded double helix based on blocks of very disparate non-canonical purine -purine and purine -pyrimidine base pairs and without perceptible destabilization at the junction. There are biological implications of these findings in relation to genetic structure and expression.
INTRODUCTION
Numerous studies have established that DNA strands have the capacity to adopt a parallel orientation in stable hydrogen-bonded structures with a duplex, triplex, or tetraplex stoichiometry. Most parallel-stranded (ps) DNA and RNA quadruplexes reported to date have been restricted to purine sequences rich in guanine (G) (1) (2) (3) (4) . In contrast, all four nucleotides can be accommodated in some type of a parallel-stranded duplex. Acidic conditions favoring the protonation of cytosine (C) or (at lower pH) adenine (A) lead to the formation of ps DNA and RNA homo-and heteroduplexes with polymers (5, 6) and oligonucleotides (7, 8) . At neutral pH, the secondary structure of duplex ps-DNA is stabilized by d(A * T) and d(G * C) base pairs (reviewed in [9] [10] [11] [12] , and additional base pairing schemes have been proposed (13) (14) (15) . The first experimental verification of ps purinepyrimidine DNA (psRy-DNA) proposed by Pattabiraman (16) and Kuryavyi (14) was derived from work with oligonucleotide hairpins (17) and duplexes (18, 19) . Investigations with natural sequence DNA have provided additional evidence for stable ps structures (20, 21) .
Much of our recent work in this area has been with a 'D-series' of 25 bp oligonucleotides composed of A and T (22) . This set of 4 oligonucleotides combined to make two pairs of parallel and anti-parallel duplexes. Derivatives with G * C (23) and U * A (24) substitutions have also been investigated. These sequences were designed to confer a high selective stabilization of the fully paired ps orientation as opposed to all alternative partially paired antiparallel structures (12) . The D-series and related oligonucleotides have been extensively characterized by thermodynamic and spectroscopic analysis, as well as chemically and biochemically *To whom correspondence should be addressed 'Present address: Institute of Molecular Biology, University of Oregon, Eugene, OR 97403, USA ,Q-D 1994 Oxford University Press using a variety of modification, ligand binding, and enzymatic techniques (12, 22, 23, (25) (26) (27) (28) (29) (30) (31) (32) (33) . The ps orientation was established by fluorescence measurements of resonance energy transfer (fluorescein/tetramethylrhodamine donor-acceptor pair) (9, 30) and excimer formation (pyrene dimers) (12, 13, 30, 32) in duplexes of two end-labeled strands. Furthermore, 'H-NMR (34) , Raman (28) and infrared (31) spectroscopy have verified the existence of trans reverse Watson-Crick d(A T) base pairs in PSRY-DNA. The sugar conformation is primarily C2' endo, the glycosyl orientation anti, and the helical sense right-handed (27, 28) . PSRY-DNA is characterized by distinctive UV absorption and CD spectra, and thus by a hyperchromicity pattern upon thermal denaturation differing significantly from that of aps B-DNA (9, (17) (18) (19) (20) 22, 26, 35, 36) .
Stable ps purine -purine homoduplexes (psRR-DNA) formed at neutral pH from synthetic oligonucleotides containing only the purines G and A have been reported recently (13) . The technique based on pyrene excimer fluorescence was introduced to establish the parallel-stranded orientation of the two identical strands. The secondary structure in such duplexes formed from the alternating d(GA)nG sequence is based on trans d(A *A) and d(G G) base pairs and is preferentially stabilized by Mg2+ ions. psRR-DNA displays distinctive UV absorption and CD spectral characteristics (13) , and its ps orientation has been further confirmed in a recent study by a novel psoralen crosslinking technique applied to molecules containing a single potential crosslinking site at the 3' end (37) . Models derived from force-field calculations, and the spectroscopic and chemical modification data demonstrate that the overall conformation of psRR-DNA is distinct from that of psRy-DNA but the molecules are similar in thermodynamic stability.
The above studies have established that both psRR-DNA and psRy-DNA are stable, alternative forms of ps duplex DNA. The proliferation of known sequence motifs capable of adopting the ps double helical conformation increases the scope of potential biological functions (12, 20) . An Figure 2B was generated with a PhosphorImager SF (Molecular Dynamics).
Chemical modification with diethylpyrocarbonate
Reactions were performed in 100 I1 solutions containing 0.5 ,uM duplex, radioactively labeled on either the DL1 or DL2 strand, 10 j1 DEPC in 10 mM MgCl2, 45 mM Tris-borate, pH 7, buffer incubated on ice. Oligonucleotides were modified by DEPC essentially as described previously (13) . After 10 and 60 min of reaction aliquots were removed and the reaction stopped by precipitation with 4 volumes of cold ethanol and 10 ,ul of 100 ,ug/ml calf thymus DNA. Pellets were dissolved in 1 M piperidine and heated to 95°C for 15 min. Samples were then evaporated to dryness, dissolved in formamide, and loaded on a 15% polyacrylamide sequence gel. Exposure and quantitition were carried out with with an SF Phosphorimager from Molecular Dynamics (Sunnyvale, CA) using the Image Quant software.
Spectroscopy
Ultraviolet absorption spectra were obtained as described previously (22) using a Uvikon 820 spectrophotometer equipped with computer-controlled thermostated cuvette holders and data acquisition. Heating cycles were measured from 4°C to 90°C at intervals of -4°C incremented every 6 min. Thermal transitions, recorded at a single wavelength were measured at intervals of 1 'C. Cuvette path lengths were 1 cm for denaturation curves and 1 mm for absorption and CD spectra. Hyperchromicity data were corrected and analyzed as described previously (26) Single wavelength melting data were analyzed by 6 parameter fitting functions described below. CD measurements were made from 195 to 320 nm at 10°C and 70°C on a Jasco-720 CD spectrometer. Scanning was carried out with 1 nm bandwidth and a 0.2 nm spectral resolution. The buffer was 10 mM MgCl2, 10 mM NaPO4, pH 7.0. CD and UV absorption spectra were analyzed and plotted with KaleidaGraph. Analysis of helix-coil transitions The helix-coil transitions were fit to a concerted two-state model (26, 38, 39) or to a zipper multistate model based on a statistical mechanical description for duplex states with varying degrees of hydrogen-bonding (40) The latter formalism was required for the longer 30-mer ps-LI L2 duplex (Fig. 1) SP( AhVH /T-As) (5) (3b)
The coefficient in Eq. 4 accounts for the statistical weights of the various species constituting the j-bonded duplex. The summation can be expressed in a closed form.
From Eq. 1, the fraction of strands in the coil form is a function of q and C,.
Finally, we require the mean fraction of paired bases in the population of duplex species <jlN>. This quantity is derived as the weighted sum of the individual probabilities and lies in the range 1 to N-'.
2s N+l -(NS -N + 1)(Ns -N + s)
Invoking the standard assumption that an unpaired base in the duplex and coil forms absorbs equally, Eqs 7 and 8 lead to an expression for the melting profile analogous to Eq. 3.
Fitting data to models 1 and 2
Macros for fitting data according to Eqs 3 and 9 (helix-9-fit ( 1 1) The measured melting temperatures from both methods of analysis were corrected to standard strand concentrations, Cr, of 10-6 M (heterodimers) and 0.5 x 10-6 M (homodimers); the difference compensates for the favorable statistical bias in the recombination of identical strands. Oligonucleotide duplexes and abbreviations used in this study. GA15 and F5 +F6 have been shown to form parallel-stranded duplexes (ps-GA15 and ps-F5 *F6) (9, 11, 13) . LI +L2 forms a ps duplex (ps-Li *L2, this study). F5+F7 and LI +L3 form anti-parallel duplexes (aps-F5 F7, aps-LI L3). F5, F6, and F7 were designated as F1, F2, and F3, respectively, in previous studies (9 (13) . Figure 2B shows the relative mobility of the ps-Li * L2 and the LI (Fig. 4) . All three exhibited cooperative, fully reversible helix-coil transitions from which melting temperatures (Ta,) and the transition enthalpies and entropies corrected to standard reference strand concentrations could be extracted (Table I) (29) and a linear fit of Tm-1 vs. ln C, for psRR (13 (Fig. 5, Eq 12) . The mean AHVH of 569 kJ mol-I was substantially higher than for the individual half molecules (Table   I ). In addition, a constant Tm,, of 43°C was obtained for ps-LI1L2 (Fig. 5) Figure 6 . Spectra of denatured single-stranded species. Ultraviolet absorption (A) and CD (B) spectra of ps-Li * L2 (---0---) and the linear sum of spectra of ps-F5 F6 and ps-GA15 (--0--) at 700C in 10 mM MgC12, 10 mM Naphosphate, pH 7.0. DNA concentration, 0.52 /tM and free energy change per base pair (Table I ). In this manner one compensates for the different lengths of the molecules being compared, so as to focus on the individual base pair properties. This approach also accomodates the presumed additional stacking interaction in ps-Li * L2 generated by the fusion of the ps-GA15 UV absorption and circular dichroism spectroscopy The correspondence of the ps-LI L2 conformation with those of the component halves was explored further by UV absorption and CD spectroscopy. The CD and UV spectra of all species were measured at 1i0C and 70°C in 10 mM MgCl2. We assumed that the UV absorption spectrum of denatured ps-Ll L2 should be matched closely by the sum of the spectra of equimolar denatured ps-F5 F6 and ps-GA15 under the same conditions (70°C, 10 mM MgCl2); differences in the contributions of terminally located bases were deemed to be negligible. Thus, 
The scaling factors (x, y) required to generate a linear combination of reference absorption spectra of the two 15-mers matching the spectrum of ps-Li * L2 at 70°C were computed with the fitting program KaleidaGraph according to X,70°kX700
x,700 AL1+L2 =XAFS+F6 +Y GA15
The absolute values of the coefficients x and y depend on the concentrations at which the reference spectra are taken. Their ratio x/y, however, is uniquely related to that of the extinction coefficients of the component 15-mers in Eqs 3 and 9, inasmuch as the half molecules were necessarily represented stoichiometrically in the 30-mer duplex. From Beer's Law, the ratio of the extinction coefficients of GA15 and of the combination (F5 + F6) is given accurately at any temperature by X-T 
The fit to Eq. 20 was excellent throughout the spectral range (Fig. 6A) calculated by standard algorithms for a similar 25 bp ps duplex (ps-Di D2) containing only adenine and thymine (29) .
The scaling factors and extinction coefficients from the above analysis were used to generate theoretical UV absorption and CD spectra of ps-LiI L2 at IO0C and 70°C as the appropriately weighted sum of the spectra of the half molecules (Eq. 8). The agreement between the calculated and experimental high temperature CD spectra of ps-Li * L2 was quite good (Fig. 6B) , although the experimental spectrum had somewhat stronger positive and negative lobes at 215 and 200 ntm, respectively. A similar comparison was carried out at 10°C, a temperature at which all the duplexes should have been fully formed (Fig. 7A,  B) . The experimental and calculated UV absorption spectra of ps-Li . L2 (Fig. 7A ) exhibited similar levels of hypochromism and only a 1 nm blue shift in the spectrum of ps-Li *L2 relative to the combined spectrum of ps-F5 . F6 and ps-GA15. The corresponding CD spectra (Fig. 7B ) also showed good agreement. All the peak positions and the crossover points at 231 and 255 nm remained essentially unchanged, while only a 2 nm upshift was observed at the 285 crossover point. In the lower wavelength region, however, some deviations between the experimental and calculated spectra were evident. Below 215 nm, the circular dichroism corresponding to the sum of ps-F5 * F6 and ps-GA15 was less than that measured for ps-Li L2. The spectra of the individual 15-mers (Fig. 8A ) indicated that the signal in the 200-215 nm region was due mainly to ps-GA15. To investigate the source of these discrepancies, we compared the spectra of ps-GA15 in NaCl (100 mM) and MgCl2 (10 mM) (Fig. 8B) . The NaCl spectra showed differences in intensity at all four lobes as well as small changes in peak positions and the crossover point above 275 nm. The CD spectrum of ps-GA15 in MgCl2, however, led to a better fit of the ps-Li * L2 data in combination with the spectrum of ps-F5 * F6, as compared to the results of an analysis using the CD measurements in NaCl. Further spectroscopic studies are being undertaken in order to characterize these apparent conformational differences of ps-GA15 in Na+ or M2+.
Mg2Ã
final test for the concordance between the spectral properties of the 15-mer DNAs and ps-Li L2 was provided by a comparison of the helix-coil hyperchromicities and temperature dependent absorption properties (Table I ). The computed hyperchromicity at 258 nm of the 30-mer (19 2%) was compatible with the values for the half molecules (20 X 6% and 1 + 3%). Likewise, the temperature coefficients for the helix and coil absorbances (Eqs. 17 Chemical modification with diethylpyrocarbonate (DEPC) was performed in order to determine if distortions at the conformational junction in ps-Li -L2 disrupted base pairing or stacking in that region. DEPC, which carboxylates purines at the N-7 position, reacts strongly with single-stranded and only weakly with double-stranded DNA. Klysik and co-workers (27) have shown that parallel-stranded DNA containing A-T base pairs shows only a weak reactivity, similar to anti-parallel B-form DNA. Additionally, d(GA) oligonucleotides also show a marked decrease in reactivity in passing from the single-stranded to the double-stranded ps form (13) . The reactivities of ps-LiI L2, apsLi * L3, and single-stranded L1 are compared in Fig. 9 . Both the ps and aps species (lanes 3-9) showed a similar reactivity that was considerably less than that of the single-stranded Li control (lanes 9,10). Li was reacted without Mg2+ so as to suppress secondary structure in the GA segment of this oligonucleotide. These results are consistent with the previously reported reactivity of the two ps conformations probed separately. The plotted lane tracings also confirm the absence of hyperreactivity at the junction between the ps-GA and ps-AT regions. This feature is best perceived by comparing the tracings from lane 4 (ps) and lane 8 (aps) in which LI is the radioactively labeled species in both duplexes. We conclude that there was no significant distortion of the helical structure(s) at the sequence junction.
DISCUSSION
This study has established that the two 30 nucleotide long sequences LI and L2 form a ps duplex that is equivalent thermodynamically and spectroscopically to the sum of the individual, constituent ps motifs (ps-GA15 and ps-F5 * F6) characterized previously (9, 11, 13) , and representing distinct subclasses in the family of ps-DNA conformations. ps-Li -L2 is stable at physiological pH and salt conditions. In native gel electrophoresis, only a single band with a mobility comparable to that of the aps equivalent is observed. There is no evidence for higher order aggregates or hairpin structures. hk
The CD and UV absorption spectra at low temperature provide a means to probe for structural adjustments in ps-Li *L2 resulting from the juxtaposition of the two ps motifs. There is good agreement between the spectra of ps-Li *L2 and of the component half molecules. The experimental and calculated UV absorption spectra of ps-Li * L2 (Fig. 6A ) exhibit similar levels of hypochromism and only a 1 nm blue shift relative to the combined spectra of ps-F5 * F6 and ps-GA15. Thus, the degree of stacking in ps-Li L2 remains essentially the same as in the separated halves. The 3-D hyperchromicity patterns of all three duplexes show the characteristic ps peak at about 265 nm with no evidence of the aps duplex pattern, a double peak with a plateau from 230 to 270 nm (26) .
The CD spectra of ps-LI L2 and the sum of ps-F5 F6 and ps-GA15 at IO0C are also quite similar, indicative of unaltered stacking interactions. However, the small deviation in the 200-220 nm region may reflect a degree of distortion in the ps-GA15 segment of ps-Li * L2. To assess whether such distortions might result from a propagated effect throughout the GA portion of the helix and originating from the AT segment,
we compared the spectra of ps-GA15 in NaCl and MgCl2 (Fig.   7B ). The decomposition of the CD spectra of ps-Li * L2 was most accurate when using the reference spectrum of ps-GA15 in Mg2+ rather than in Na+. The preferential stabilization of ps-GA15 by Mg2+ (13) suggests that divalent cations generate a somewhat different conformation than that adopted in Na+, and that this structure prevails in the 30 bp long duplex. The positive dichroism of the 210 nm band decreases upon thermal denaturation under both salt conditions. Thus, the higher amplitude of the 210 nm band in the spectrum of ps-LiI L2 may reflect an increased stabilization of the d(GA)n half of the molecule under the influence of the PSRY region. For example, the end regions may be less susceptible to fraying in the composite molecule. However, we would stress the similarities rather than the deviations in the spectral fitting, inasmuch as they confirm the anticipated secondary structure, particularly in the ps-GA15 segment. That is, in order for the purine-pyrimidine half to be in register, the purine -purine segment must feature the d(G G) and d(A A) base pairs proposed previously (13) . Any other arrangement would result in one or more looped out bases at the junction with obvious thermodynamic and spectroscopic consequences; these were not observed. We note in addition that it is possible to model a PSRR-PSRY junction without apparent stereochemical conflicts (12) . The thermodynamic analysis of the two component helices ps-GA15 and ps-F5 * F6 and the 30 bp ps-Li L2 provide an important means of studying the stability of two different ps structures within the same duplex. Both ps-GA15 and ps-F5 -F6
have been shown previously and in the present study to melt in accordance with a two-state mechanism (13, 29) . ps-Li * L2 does not conform to this model, but exhibits a behavior consistent with the predictions of the more appropriate statistical mechanical treatment for a molecule with a chain length 30. One should emphasize that the number of fit parameters in Models 1 and 2 are the same (excluding the additional nucleation factor in Model 2, the specification of which does not appreciably affect the global parameters). Although the statistical mechanical formalism for the helix-coil equilibrium (40) has been available for more than 30 years, it is not usually applied to the evaluation of oligonucleotide melting data. In the present instance, the combined analyses led us to the conclusion that both individual (49, 50) . The DLS is responsible for the parallel alignment of the two RNA strands comprising the viral genome (51) . Duplex PSRR-RNA may also be involved (12, 32, 37 (14, 18, 20) , the packing of single-stranded and dimeric viral genomes and the function of reverse gyrase (12) . The 
